A LiNi0.8Co0.15Al0.05O2 (LNCAO/C) active material composite cathode was coated with carbon. The conductive carbon coating was obtained by addition of surfactant during synthesis. The addition of surfactant led to the formation of an amorphous carbon coating layer on the pristine LNCAO surface. The layer of carbon coating was clearly detected by FE-TEM analysis. In electrochemical performance, although the LNCAO/C showed similar capacity at low C-rate conditions, the rate capability was improved by the form of the carbon coating at high current discharge state. After 40 cycles of charge-discharge processes, the capacity retention of LNCAO/C was better than that of LNCAO. The carbon coating is effectively protected the surface structure of the pristine LNCAO during Li insertion-extraction.
Introduction
In recent years, lithium-ion batteries have become an alternative power source for various portable electronic devices, such as mobile phones, laptop computers, and electric vehicles. This versatile usage is due to the high energy density of lithium-ion batteries compared with other rechargeable batteries.
The electrode material commonly used in present day commercial lithium-ion batteries is LiCoO 2 .
1 However, only 50% of the theoretical capacity of LiCoO2 (~140 mAh/g) can be effectively utilized in the voltage range of 3 ~ 4.25 V. 2 Many authors have investigated LiCoO2 structure and reactivity towards electrolytes. Based on their studies, increase or decrease in the capacity fading of a LiCoO2 cathode was achieved by substituting metal ions for cobalt, or through surface modifications with chemically more stable or inert materials. LiNi0.8Co0.2O2 is a very promising cathode material, with a high capacity and a midrange cost, as compared to other lithium-ion batteries. 3, 4 When nickel was doped for cobalt in LiCoO2, 65% of the theoretical capacity was achieved. Many studies have suggested that the surface modifications of LiCoO 2 and LiNi 0.8 Co 0.2 O 2 electrodes with a metal oxide (Al2O3, TiO2 and ZrO2) will lead to better capacity retention than uncoated LiCoO2 or LiNi0.8Co0.2O2, when the cell is cycled above 4.2 V. [5] [6] [7] [8] In LiNi0.8Co0.15Al0.05O2 (LNCAO), there is partial Al cation substitution for nickel and cobalt. 9 The effects of Al doping were attributed to the suppression of phase transition or lattice changes during cycling, 10 as well as to the suppression of the decomposition reaction between the electrode and electrolytes.
In the present study, we report a simple and effective method for the preparation of carbon-coated LNCAO cathode materials. Many studies have indicated that the surface coating approach is an effective method to improve thermal and structural stability, as well as to increase the cycling ability. 11 The carbon coating method improves the electrochemical properties of the cathode. Other synthesis methods for carbon coating have also been used, such as a solid state reaction with a carbon-containing precursor, and carbon coating by the deposition of a carbon thin film. In this study, the carbon source was a surfactant that was in good contact with the metal oxide surface. The synthesis was a self-assembled monolayer (SAM) process. In a SAM process, materials such as metals, metal oxides, semi-conductors, or glasses are used as substrates, and alkylsiloxane monolayers, fatty acids, or alkanethiolate monolayers are used as surfaceactive materials. When the substrates were in a solution of surface-active materials, chemisorptions occurred between the substrates and the surface-active head groups. 12 The binding energies of the chemisorptions were on the order of tens of kcal/mol (40 ~ 45 kcal/mol for thiolate on gold). When the surfactant was added into an LNCAO dispersed solution, the surfactant could directly attach to the surface of the LNCAO particles. When the precursor was heated in the air, carbon-coated LNCAO was obtained. The cycling behavior of carboncoated LNCAO cathodes was evaluated, resulting in C-rates between 4.3 or 4.5 ~ 2.8 V. The effect of carbon coating on the structural and electrochemical properties was investigated in detail for the LNCAO/C composite.
Experimental
Pristine LNCAO powder (Ecopro Co. Ltd., Korea) was used as an electrode. To prepare a carbon-coated LNCAO sample, the LNCAO powder was dispersed in distilled water and sonicated for 20 minutes using a Branson 3200 ultrasonic liquid processor operating at 200 kHz. The sodium dodecyl sulfate (SDS: surfactant, Aldrich, 0.5 wt %) was slowly added to the coating solution and the solution was sonicated for 1h, resulting in uniform slurry. The SDS used as a carbon source was sintered with LNCAO. The powder composite was vacuum dried at 80 o C for 10 h. After drying, the powder was calcined in air at 600 o C for 5 h.
To investigate the LNCAO or LNCAO/C crystal structural, 
Results and Discussion
The LNCAO/C composite was prepared by chemical adsorption of surfactant within the mixed oxide layer, (Fig. 1 ) using a SAM synthesis process. SDS was the surfactant used as surfaceactive material. The ultrasound treatment appeared to be more effective than magnetic stirring for the SDS dispersion on the LNCAO surface. Because of strong adsorbate-adsorbent interactions between the LNCAO and SDS, the SDS monolayer was arrayed on the LNCA surface. SDS maintained its arragement when water was removed from the solution, because of the carbon chain intermolecular interactions. SDS carbon chains formed the carbon layer on the LNCAO surface.
Structure analysis. Figure 2 shows the X-ray diffraction (XRD) patterns of pristine LNCAO and the LNCAO/C composite. The XRD patterns are indexed as a layered α-NaFeO2 type structure, assuming a hexagonal geometry in the R3m space group. The XRD pattern of LNCAO/C had an identical structural group to LNCAO, with no site disordering. The SDS were formed a thin layer as amorphous monolayer. There was no difference between the coated and uncoated particles except small shift of peak position. The average thickness of the surface carbon layer of LNCAO/C was estimated using the Scherrer's equation calculation. 14,15 θ is Bragg angle (in degrees). We compared with the 110 or 108 peaks of LNCAO and LNCAO/C. β is the full width at half-maximum of 110 or 108 peaks. The difference of the average diameter for LNCAO and LNCAO/C was calculated above equation. From these results, the carbon coating thickness was estimated to be 2.5 ~ 3 nm. Therefore, we thought that the SDS was formed a thin layer and amorphous monolayer.
Morphology. Figure 3 shows the field emission scanning electron microscopy (FE-SEM) images of the pristine LNCAO and the LNCAO/C composite. The pristine LNCAO (Fig. 3 (a) ) samples, which look like 8 ~ 12 µm spheres, were comprised of smooth-edged 0.2 ~ 0.5 µm polyhedral particles. The FE-SEM images of LNCAO/C (Fig. 3 (b) ) did not show any morphological changes, because of the thin layer of carbon coating. Figure 4 shows the field emission transmission electron microscopy (FE-TEM) images of the pristine LNCAO and the LNCAO/C composites. TEM analysis was used to investigate in detail the shapes of the particles and their surface morphologies. The pristine LNCAO had the smooth and clear surface and no other coating layer as like Fig. 4 (a) . Fig. 4 (b) clearly showed a distinguishable carbon coating layer existing around the surface of the pristine LNCAO. A 2 ~ 3 nm thick amorphous carboncoating layer was seen on the carbon phase-grown composite. In the XRD analysis, the thickness of the layer was determined to be 2.5 ~ 3 nm using Scherrer's equation. Electrochemical performance. Cyclic voltammetry: Cyclic voltammetry (CV) is sensitive to the phase transformations of materials during electrochemical reactions. A slow scan CV was performed to examine the effect of the coating on the phase transition that accompanies the charge-discharge process. 16 There are three peaks in the CV curve of LiNiO 2 because there are multiple phase transitions during the CV scan. The deintercalation and intercalation processes occurred between 2.7 ~ 4.8 V, at a constant current density of 0.5 mV/sec. The deintercalation currents seen in the CV were larger than the intercalation currents, which agrees with the first cycle charge and discharge capacities for each material. The large irreversible first cycle capacities of the materials are reflected in the cyclic voltammograms. Figure 5 compares the cyclic voltammograms of the pristine LNCAO and the LNC-AO/C composite. The peaks due to the phase transitions appear at 3.70, 4.01, and 4.21 V, representing the phase transitions of the hexagonal phase (H1) to the monoclinic (M) phase at the first peak, the M phase to the second hexagonal phase (H2) at the second peak, and the H2 to a third hexagonal phase (H3) at the third peak. 17 The CV curve from the pristine LNCAO ( Fig. 5  (a) ) exhibits three transitions during oxidation, indicating the presence of four different phases. There is no significant difference in peak degradation between LNCAO and LNCAO/C, indicating that the carbon coating does not affect the pristine LNCAO redox intercalation.
Discharge capacity and cyclic performance: Rate capability is one of the important electrochemical characteristics of a lithium secondary battery being used in power storage applications. In the present study, rate capability is investigated at different C-rates (current densities). For each 5 cycle average, the charge and discharge process are performed at the same C-rate: between 4.3 or 4.5 ~ 2.8 V at room temperature. At 4.3 ~ 2.8 V (Fig. 6 (a) ), LNCAO/C had discharge capacities of 183, 165, 140, and 83 mAh/g at 0.1, 0.5, 1, and 3C, respectively. Meanwhile, the pristine LNCAO had discharge capacities of 181, 160, 128, and 46 mAh/g. It is noticeable that a much lower over potential was observed in the LNCAO/C than in the pristine LNCAO, especially at high C-rates, indicating that the carbon coating significantly reduced the polarization of the cathode/electrolyte interface in the cell. The reduction of cell polarization was probably due to the improvement in conductivity of the compound. At 4.5 ~ 2.8 V (Fig. 6 (b) ), the LNCAO/C cathode had a higher discharge capacity at every C-rate than did the pristine LNCAO. Furthermore, at high C-rates, there was a larger variation in discharge capacities. After carbon coating, at high C-rates, the stability of the structure may be increased during the discharge. Figure 7 presents the charge and discharge profiles of the pristine LNCAO and the LNCAO/C cathode materials after the 1 st and 40 th cycles, respectively, in the cut-off voltage 4.3 ~ 2.8 V at 0.1 C. The initial discharge capacity of the pristine LNCAO was 181 mAh/g, and the LNCAO/C electrodes delivered an initial discharge capacity of 182 mAh/g, maintaining excellent cycling behavior with little capacity loss after 40 th cycles (172 mAh/g). The capacity retention of the carbon-coated LNCAO/C (~ 93%) was also better than that of the pristine LNCAO (~ 86%). The carbon coating stabilized the structure during the Li insertion-extraction. The carbon coating was correlated with improved structural stability of the cathode and better capacity retention during the cycling. Thus, carbon coating on LNCAO/C leads to better electrochemical performance of the electrode.
Thermal stability: The thermal stability of cathode materials, especially in a highly de-lithiated state, is important for their practical application. C, which was significantly smaller than that for the pristine LNCAO. The improved thermal stability of the LNCAO/C can be attributed to a thin carbon coating layer, which plays a protective role in preventing the cathode particles from being attacked by HF in the electrolyte solution and hence suppresses the release of oxygen from the host lattice.
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Conclusions
The carbon coating of the LNCAO surface was done with a surfactant (SDS), using chemical adsorption SAM synthesis techniques. The FE-TEM analysis showed that the surfactant made a 2 ~ 3 nm thick amorphous carbon coating layer on surface of the pristine LNCAO. By evaluating the electrochemical performance of LNCAO and LNCAO/C, we concluded that the carbon coating effectively prevented the degradation of electrochemical performance at high currents. The reduction of the cell polarization of cathode/electrolyte interface was probably due to the improvement in conductivity of the compound. The discharge capacity and the capacity retention of the LNCAO/C were induced by the carbon coating, which effectively acted on the surface stability of electrode material during insertionextraction of Li ion. The improved electrochemical performance was attributed to the thin carbon coating layer, which supported the highly de-lithiated cathode from direct contact with the liquid electrolyte. Thermal stability at a highly charged state of the LNCAO/C was slightly improved. The thin carbon coating layer played a role of preventing the cathode particles from being attacked by HF in the electrolyte solution and hence suppressed the release of oxygen from the host lattice.
